The relationship between magnetic clouds, cosmic ray decreases and geomagnetic storms has been investigated by using some cosmic ray hourly intensities recorded with ground-based monitors at Alert, Deep River and Mount Washington, as well as the geomagnetic activity Dst index, and the interplanetary magnetic field (IMF) and the solar wind plasma (SWP) bulk-speed, density and temperature in the near-Earth space, on 28-30 September 1978, 24-26 April 1979, 13-15 January 1967, 3-5 January 1978, and 27-29 November 1989. Due to the interplanetary coronal mass ejection (ICME) impacting on slow solar wind, there is a sheath upstream of the ICME led by a fast forward shock. And the large IMF variations in this sheath, which sustain the depressions in the cosmic ray intensity during Forbush decreases (FDs), were found not to influence the main phase storm, but rather the southward IMF in the said sheath and magnetic cloud was the major source in triggering geomagnetic storms, by allowing a strong coupling between the solar wind and the magnetosphere. It was also observed that the initial set of the main phase storm always began in the sheath where, and when, the sustained southward-oriented IMF first occurred, but ceased when the IMF was rotated to a strong northward-orientation, only to resume at subsequent sustained southward-oriented IMF within the sheath and the leading (i.e., front) region of the magnetic cloud. The front boundary of the magnetic cloud was found to be well defined by the relatively high ( 10 nT) rms of the IMF components, which prominently separates both the Lull region of the sheath and the onset of the second decrease of the two-step FD, from the magnetic cloud. There were some instances where a two-step main phase storm, caused by the combination of a sheath and cloud structure, occurred, the two steps sometimes both starting in the sheath itself. Also, in some cases, the sheath and the leading region of the magnetic cloud together produced a single-step storm. In addition, enhanced IMF south latitude and IMF intensity in the sheath and magnetic cloud during the IMF sustained southern orientation, were each observed to produce enhanced geomagnetic activity, even for intense storms. And high SWP bulk speed was found to reduce the depth of the Dst index. Therefore, it appears that when the magnetosphere is exposed to a sustained southward-oriented IMF in the magnetic cloud and the sheath preceding it, a valve (i.e., valve-like IMF direction) opens and allows direct transfer of energy between the solar wind and the magnetosphere to trigger the geomagnetic storms, such that the stronger the sustained IMF south-ward orientation, the wider the valve opens, the higher the SWP bulk speed, the narrower the opening in the valve becomes. And the more the IMF strength during the IMF southern orientation, the larger is the solar wind energy density that is available for transfer through the valve. The valve closes when the IMF is rotated to a strong northward-orientation, and the geomagnetic storms cease.
Introduction
Coronal mass ejections (CMEs) produce large disturbances in the solar wind and they generally reach the nearEarth space inside the so-called high-speed plasma streams (see, for instance, Storini, 1990) . These disturbances are the primary cause of geomagnetic storms (e.g., Gosling, 1993a, b) . On the other hand, the two-step Forbush decrease (FD) in cosmic ray records seems to originate from the structure within the shock and sheath preceding the interplanetary coronal mass ejection (Ifedili, 2001 (Ifedili, , 2004 . Moreover, magnetic clouds pertain to a subset of CMEs Copyright c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences; TERRAPUB.
in the interplanetary space (ICMEs) with characteristic features well described in the past (e.g., Burlaga et al., 1981; Klein and Burlaga, 1982; Zhang and Burlaga, 1988; Bavassano et al., 1989) .
In this paper, we investigate the relationship between magnetic clouds, cosmic ray decreases, and geomagnetic storms for the following time intervals when the FD amplitude was >4% at Alert station where the diurnal variation is not enhanced: September 28-30, 1978 , April 24-26, 1979 , January 13-15, 1967 , January 3-5, 1978 , and November 27-29, 1989 .
For each solar wind stream overcoming the terrestrial environment, we looked for the shock, sheath and magnetic cloud positions. This was done as follows:
• Shock: The arrival of the interplanetary shock waves at the Earth, i.e., fast forward shocks, was identified by the sudden increase of the IMF intensity and the SWP bulk speed, density, and temperature in the near-Earth space solar wind data, and as the time of the storm sudden commencement (SSC).
• Sheath: A sheath exists upstream of the ICME led by a fast forward shock; the sheath material is slow solar wind that has been swept up by the ICME and is not part of the ICME itself. The sheath is sufficiently turbulent as indicated by the large variations in both the field strength and direction as well as by the relatively high ( 10 nT) rms of the IMF components in the region; the sheath has a relatively high speed, is hot ( 10 5 K) and dense ( 10 cm −3 ) and was most probably produced by the shock propagation in space (Ifedili, 2004 , and references therein).
• Lull Region: This is the middle region of the sheath that coincides with the recovery phase of the first step of the two-step FD, and in which there are relatively low IMF variations as well as a relatively low ( 5 nT) rms of the IMF components (Ifedili, 2001 (Ifedili, , 2004 ).
• Magnetic Cloud: This is the region of IMF rotation (IMF direction changes smoothly from large southern (northern) direction to large northern (southern) direction) and elevated IMF intensity ( 10 nT), and relatively low SWP density and temperature ( 10 4 K) and relatively low ( 1 nT) rms of the IMF components (e.g., Burlaga et al., 1981; Klein and Burlaga, 1982; Zhang and Burlaga, 1988; Bavassano et al., 1989; Ifedili, 2004) . Our estimated start and end times of the magnetic cloud in Fig. 1 as well as the start time of the magnetic cloud in Fig. 4 are the same as by Zhang and Burlaga (1988) , while our estimated start and end times of the magnetic cloud in Fig. 2 are the same as by Cane et al. (1994) .
Data Used
In our work we used the following data:
(i) Hourly values of the solar wind plasma (SWP) bulk speed (V), density (N), temperature (T), and interplanetary magnetic field (IMF) magnitude (F) and latitude ( ), taken from King (1977 King ( , 1983 , and King and Papitashvili (1994) • 36 E282
• 30 , P c = 1.02 GV, h = 145 m, years: 1967 GV, h = 145 m, years: , 1978 GV, h = 145 m, years: , 1979 GV, h = 145 m, years: , 1989 Mount Washington (geog. coord.: N44
• 18 E288
• 42 , P c = 1. 24 GV, h = 1900 24 GV, h = m, years: 1967 24 GV, h = , 1978 24 GV, h = , 1979 24 GV, h = , 1989 (iii) The hourly geomagnetic Dst index and the SSC occurrence, respectively taken from CDAWeb at http://cdaweb.gsfc.nasa.gov, and ftp:// ftp:ngdc.noaa.gov/STP/SOLAR DATA/SUDDEN COMMENCEMENTS/STORM2.S.
Figures 1-5 show the hourly averages of the cosmic ray intensity at Alert, Deep River, and Mount Washington as well as of the IMF (magnitude and latitude) and the SWP bulk speed, density, and temperature, the rms of the IMF components (σ c ) and the geomagnetic activity Dst index, at 1 AU, as listed in CDAWeb/OMNIWeb, during the periods, 28-30 September 1978 (Fig. 1) , 24-26 April 1979 (Fig. 2) , 13-15 January 1967 (Fig. 3) , 3-5 January 1978 (Fig. 4) , and 27-29 November 1989 (Fig. 5) . In the figures, the arrival of interplanetary shock waves at the Earth was identified by Fig. 1 , but for 24-26 April 1979 and the first step of the two-step main phase storm which is due to the sheath, and the second step which is due to the leading field of the magnetic cloud.
the sudden increase of the IMF intensity and the SWP bulk speed, density, and temperature, as well as the time of the SSC. Table 1 summarizes the obtained results for the investigated events. The first eight columns in Table 1 respectively give the figure number, the date, the relevant shock time, the estimated start and end times of the magnetic cloud, the maximum SWP bulk speed as well as the Forbush decrease amplitude for the total decrease and the second decrease at the Alert station, where the diurnal variation is not enhanced. Notice that Mount Washington station is used in Table 1 Though the bulk speed, density, and temperature data from 0100 to 2100 UT on 13 January appear to be 3 hourly averages, they are indeed the hourly average data listed in King (1977) as well as in CDAWeb. The single-step main phase storm is due to the combination of the sheath and the leading field of the magnetic cloud.
Data Analysis and Results
tector before the decrease and N F is the hourly average rate during the maximum depression of the cosmic ray intensity. Clearly, not only is the enhanced diurnal variation minimal in the Mount Washington and Deep River neutron monitor data in Fig. 5 , but a relatively high ( 10 nT) rms of the IMF components prominently separates both the Lull region and the onset of the second decrease of the two-step FD, from the magnetic cloud, in Figs. 1-5. The latter is certainly a diagnostic feature in for instance determining the front boundary of the magnetic cloud, since the rms of the IMF components is relatively low, 1 nT and 5 nT respectively, in the magnetic cloud and Lull regions. This is a new and objective criterion for the front boundary of the magnetic cloud, if we note that Burlaga (1991) stated that "determining an objective criterion for the boundary of a magnetic cloud is one of the most important problems for future research in magnetic clouds." Notice also that the IMF and SWP data in the magnetic cloud region, in Figs. 1-5, show a high field strength ( 10 nT) and rotation as well as a relatively low density and temperature ( 10 4 K) and a relatively low ( 1 nT) rms of the IMF components, which are the signatures of the magnetic cloud. The next five columns respectively give the start and end times as well as the maximum latitude of the IMF southern orientation, and the maximum and average values of the IMF total intensity during the southwardoriented IMF. And the last three columns respectively give the start and end times as well as the maximum values of the Dst Main Phase.
Also indicated in Table 1 are the locations (in terms of Magnetic Cloud, Lull, and Front and Rear Sheath regions) of the maximum SWP bulk speed as well as of the periods and largest values of both the IMF South Latitude and Dst Main Phase.
The sheath extends from shock time to the beginning of cloud region, in Table 1 and Figs. 1-5, and is sufficiently turbulent, as indicated by the large variations in both the field strength and direction as well as by the relatively high ( 10 nT) rms of the IMF components in the region, is hot ( 10 5 K) and dense ( 10 cm −3 ), and was most probably produced by the shock propagation in space. The large IMF variations in the sheath scatter the galactic cosmic rays and thus sweep away the cosmic ray particles. When the IMF variations in the sheath become too feeble, the Lull region where the rms of the IMF components is relatively low ( 5 nT) as in Figs. 1-5, the scattering of the galactic cosmic rays ceases and the first step of the FD recovers. But the particle scattering resumes when the high IMF variations in the sheath resume and the onset of the second decrease starts. Also, the SWP bulk speed in both the sheath and magnetic cloud is much higher than the ambient value. The first step of the two-step FD occurs in the Front Sheath while the second step begins in the Rear Sheath, but continues in the Magnetic Cloud where the galactic cosmic rays are also scattered away from the high magnetic field pressure in the magnetic cloud. The first step recovers in the Lull region, a region that is sandwiched between the Front and Rear Sheath as in Figs. 1-5. We emphasize that in the Front and Rear Sheath, the IMF variations are high as indicated by the relatively high ( 10 nT) rms of the IMF components, but in the Lull and Magnetic Cloud regions, the IMF variations are relatively low as indicated by the relatively low ( 5 nT) rms of the IMF components.
In Fig. 1 , the single-step main phase storm starts at 0700 UT on September 29, 1978 in the Lull region of the Sheath and ends at 1500 UT on September 29 in the leading region End time uncertain because of data gap of the Magnetic Cloud, with maximum Dst Main Phase of −224 nT, the start and the end times exactly coinciding with the period of IMF southern orientation. Notice that the Dst Main Phase is a smooth continuous curve with the deepest Dst Main Phase of −210 nT at 1500 UT on 29 September 1978, apart from the lone data point −224 nT at 1000 UT on 29 September 1978, which is probably a flash in the pan. In Fig. 2 , the first step of the two-step main phase storm starts at 0200 UT on April 25, 1979 in the Front Sheath and ends at 0600 UT on April 25 in the Rear Sheath, with maximum Dst Main Phase of −129 nT, the start and end times exactly coinciding with the first period of IMF southern orientation. The second step starts at 1000 UT on April 25, 1979 in the leading region of the Magnetic Cloud and ends at 1700 UT on April 25 also in the leading region of the Magnetic Cloud, with maximum Dst Main Phase of −149 nT, the start and end times again coinciding with the second period of the IMF southern orientation, since the IMF latitude was ≈0.00
• from 1300-1700 UT on April 25, 1979. In Fig. 3 , the single-step Dst Main Phase storm starts at 2000 UT on January 13, 1967 in the Lull region and ends at 0700 UT on January 14 in the leading region of the Magnetic Cloud, with maximum Dst Main Phase of −160 nT, the start and end times approximately coinciding with the period of the IMF southern orientation.
Finally, in Fig. 4 , the first step of the two-step main phase storm starts at 2400 UT on January 3, 1978 in the Lull region, and ends at 0400 UT on January 4 in the Rear Sheath, with maximum Dst Main Phase of −56 nT, the start time approximately coinciding with the start time of the first IMF southern orientation. The second step starts at 1000 UT on January 4 in the Rear Sheath and ends at 2400 UT on January 4 in the leading region of the Magnetic Cloud, with maximum Dst Main Phase of −121 nT, the start time approximately coinciding with the start time of the second IMF southern orientation. The end times of the IMF southern orientation for both steps are uncertain because of the IMF data gap.
However, in Fig. 5 from 27 to 29 November 1989 during which there was no sustained IMF southern orientation, the Dst Main Phase was ∼ −30 nT, which was the background Dst Main Phase, even though the associated FD event, in Fig. 5 , is a classic two-step FD with a record-breaking amplitude (e.g., 16% at Mount Washington station). Fig. 5 , where there is no sustained southward-oriented IMF, the Dst in the sheath and magnetic cloud, is approximately the background Dst for the period, of ∼ −30 nT, even though the associated FD event in Fig. 5 is a classic two-step FD with a record-breaking amplitude, as shown in Table 1 . This is an indication that the southward-oriented IMF is the major source in triggering geomagnetic disturbances, by allowing a strong coupling between the solar wind and the magnetosphere, as first suggested by Dungey (1961) .
Discussion and Conclusions
Thus, the key role of the IMF North-South orientation in coupling the solar wind with the magnetosphere clearly emerges from Figs. 1-5. In addition, we observe that the initial set of the Dst Main Phase always begins in the sheath (which includes the Lull region) where, and when, the sustained southward-oriented IMF first occurs, but ceases when the IMF is rotated to a strong northward-orientation, only to resume at subsequent sustained southward-oriented IMF within the sheath and the leading (i.e. front) region of the magnetic cloud. This finding is important for space weather forecasting. Thus, since it was found that Dst Main Phase commenced in each region of the sheath, including the Lull region where the IMF variations are too feeble and first step of the two-step FD recovers, the storm was not influenced by the large IMF variations in the sheath, which did sustain the depressions in the cosmic ray intensity during the first and second steps of the FD. This is a new result, and is different from the findings of Zhang et al. (2004) that the multistep storms due to the leading field and the trailing field of a magnetic cloud are "probably driven by fluctuations in their southward field regions". However, it is well known that the IMF variations are weak in a magnetic cloud. Wu and Lepping (2002) , and Zhang et al. (2004) also investigated the regions of sheath-magnetic cloud structure that drive geomagnetic storms. Wu and Lepping (2002) found that a geomagnetic storm can be induced by a sheath, the leading region or the trailing region of a magnetic cloud, and both sheath and cloud regions during low solar activity years (1995) (1996) (1997) (1998) , and a multistep main phase storm could be caused by the combination of a sheath and cloud structure. On the other hand, Zhang et al. (2004) found that a storm can be driven by a cloud's various regions or their combinations with dissimilar occurrence percentages, the cloud's leading field was the most geoeffective region and the sheath region was equally effective at causing magnetic storms during the solar maximum years (January 1998 -April 2002 , and the multistep development storm can result not only from both the combination of sheath and cloud fields but also from different fields within a cloud. This is different from the results of Tsurutani and Gonzalez (1997) , Gonzalez et al. (2001) , and Wu and Lepping (2002) , in which multistep main phase development storms can only be due to the combinations of sheath and cloud fields. However, as earlier indicated in the last section, we showed for the first time that multistep storms can also result from different component fields within the sheath itself (see Fig. 4) , and that the sheath and the leading region of a magnetic cloud can also together produce a single-step storm (see Figs. 1 and 3) . Also our studies here demonstrate that during maximum solar activity years (1967, 1978, 1979, and 1989) in solar cycles 20, 21, 22, the initial set of the Dst Main Phase always began in the sheath where, and when, the sustained southward-oriented IMF first occurred but ceased when the IMF was rotated to a strong northward-orientation, only to resume at subsequent sustained southward-oriented IMF within the sheath and the leading region of the magnetic cloud.
Thus, our studies have shown that the initial set of storms always begins in the sheath, which is an important result for space weather forecasting, and that what appears to determine the start and end times of a storm and/or each step of a storm is the key role of the North-South orientation in coupling the solar wind with the magnetosphere.
Also, it appears, from Figs. 1-4, and Table 1 , that the larger the IMF south latitude in the sheath and magnetic cloud, the deeper the Dst index. For instance, the largest IMF south latitude of 74
• is in Fig. 1 , and gives the deepest Dst index of −210 nT, apart from the lone data point −224 nT, at 1000 UT on 29 September 1978, which though still deeper, but, does not fall on the smooth continuous Dst Main Phase curve, and the second largest south latitude of 66
• is in Fig. 3 and gives the second deepest Dst index of −160 nT.
However, the third largest south latitude of 58
• is in Fig. 4 and gives the Dst index of −121 nT, while the fourth largest south latitude of 56
• is in Fig. 2 , but gives a slightly deeper Dst index of −129 nT. It is possible that SWP speed is an important control on the Dst index, since during geomagnetic storms, the magnetopause is pushed toward the Earth, sometimes below the geostationary spacecraft orbit (6.6 Earth radii), and since the depth of minimum Dst appears to be influenced by the speed of the magnetic cloud (Zhang and Burlaga, 1988) and speed correlated with geomagnetic activity (e.g., Baker et al., 1984) . Also, the higher solar wind dynamic pressure (enhanced magnetopause current) is understood to give positive Dst value. For the SWP bulk speed to be a contributory factor to Dst index, we would expect the speed in Fig. 4 to be larger than that in Fig. 2 , since a larger speed would act to further compress the magnetosphere and thus give an additional positive value of Dst index, an expectation which is consistent with the observed maximum SWP bulk speed of 651 km/s and 756 km/s in Figs. 2 and 4 respectively, as shown in Table 1 . On the other hand, in Fig. 2 , where the SWP bulk speed has a rather constant value of ∼600 km/s during the southwardoriented IMF, the south latitude of 56
• gives Dst index of −129 nT, while the south latitude of 33
• gives Dst index of −149 nT, an observation which cannot be explained using SWP speed as a contributory factor to Dst index.
Nevertheless, in Fig. 2 , the IMF maximum and average intensities during the southward oriented IMF, as shown in Table 1 , are 19 nT and 18 nT for 56
• south latitude but attain the high values of 33 nT and 28 nT for 33
• south latitude, which is consistent with the respective observed values of Dst index of −129 nT and −149 nT, since a higher IMF intensity could lead to a deeper Dst index. This finding is confirmed in Figs. 2 and 4 for the respective south latitudes of 56
• and 58
• , where the IMF maximum and average intensities during the southward-oriented IMF, as shown in Table 1 , are 19 nT and 18 nT in Fig. 2 and the lower values of 15 nT and 14 nT in Fig. 4 , and are therefore consistent with the observed values of Dst index of −129 nT and −121 nT in Figs. 2 and 4 , respectively. And finally, the least value of the IMF south latitude of 23
• is in Fig. 4 and gives the shallowest Dst index of −56 nT during the sustained IMF southern orientation. Clearly, the IMF intensity during the IMF southern orientation is a contributory factor to Dst index. Previous studies by Gonzalez and Tsurutani (1987) showed that intense storms with peak Dst < −100 nT are primarily caused by large B z < −10 nT fields with duration greater than 3 hours. In addition, our studies here clearly demonstrate that, even for intense storms, a higher IMF intensity during the sustained IMF southern orientation leads to a deeper Dst index, i.e., to a more intense storm.
Thus, we conclude that, due to ICME impacting on slow solar wind, there is a sheath upstream of the ICME led by a fast forward shock. And the large IMF variations in this sheath, as well as the high magnetic field pressure in the magnetic cloud, were observed to sustain the depressions in the cosmic ray intensity during FDs, while the southward IMF in the said sheath and magnetic cloud was found to be the major source in triggering geomagnetic storms, by allowing a strong coupling between the solar wind and the magnetosphere. It was also observed that the initial set of the Dst Main Phase always began in the sheath, which includes the Lull region, (a useful result for space weather forecasting) where, and when, the sustained southwardoriented IMF first occurred, but ceased when the IMF was rotated to a strong northward-orientation, only to resume at subsequent sustained southward-oriented IMF within the sheath and the leading region of the magnetic cloud. Since it was found that the main phase storm commenced in each region of the sheath, including the Lull region where the IMF variations are too feeble and the first step of the twostep FD recovers, the storm was not influenced by the large IMF variations in the sheath, which did sustain the depressions in the cosmic ray intensity during the first and second steps of the FD. This is another new result. We also, in the last section, showed for the first time, that the front boundary of the magnetic cloud is well defined by the relatively high ( 10 nT) rms of the IMF components, which prominently separates both the Lull region and the onset of the second decrease of the two-step FD, from the magnetic cloud. There were some instances where a two-step main phase storm, caused by the combination of a sheath and cloud structure, occurred, the two steps sometimes both starting in the sheath itself, which is a new result. Also new is our finding that, in some instances, the sheath and the leading region of the magnetic cloud together produced a single-step storm. In addition, enhanced IMF south latitude and IMF intensity in the sheath and magnetic cloud during the IMF sustained southern orientation, were each observed to produce enhanced geomagnetic activity, even for intense storms. And high SWP bulk speed was found to reduce the depth of the Dst index.
Our results can be used to develop a reliable model on geomagnetic storms, since the presently available models (e.g., Burton et al., 1975; Pudovkin et al., 1988; Grafe, 1988; Feldstein, 1992; Gonzalez et al., 1989 Gonzalez et al., , 1994 Valdivia et al., 1996; O'Brien and McPheron, 2000) are controversial and discrepant. For instance, there is presently a great deal of controversy and discrepancy in determining the values of the relaxation time and the coupling function of Dst with the solar wind. Also, the ring current effect in the storm time depression is controversial with the estimates of the symmetric ring current contribution to Dst ranging from 0 to 40%, and the contributions of the crosstail and partial ring current to Dst are very discrepant with the corresponding estimates varying from 15/25 to 80% (Maltsev, 2003) . Moreover, the Physics of the associated storm-substorm relationship is presently poorly understood (e.g., Diego et al., 2005 , and references therein).
However, we infer from our results that, when the magnetosphere is exposed to a sustained southward-oriented IMF in the magnetic cloud and the sheath preceding it, a valve (i.e., valve-like IMF direction) opens and allows direct transfer of energy between the solar wind and the magnetosphere to trigger the geomagnetic storms. That is, the direction of the IMF in the magnetic cloud and the sheath acts like a valve that controls energy input from the solar wind into the magnetosphere, with the most favorable direction of the IMF, for triggering geomagnetic storms, being southward, which allows a strong coupling between the solar wind and the magnetosphere. For instance, the IMF is thus connected well, or merged, with the magnetic field of the Earth, allowing solar wind plasma and energy to directly enter, rather than flow around, the magnetosphere. The stronger the sustained IMF southward-orientation, the wider the valve opens, the higher the SWP bulk speed, the narrower the opening in the valve becomes. And the more the IMF strength during the IMF southern orientation, the larger is the solar wind energy density that is available for transfer through the valve. The valve closes when the IMF is rotated to a strong northward-orientation, and the geomagnetic storms cease.
